Understanding the underlying physics of interactions among various quasiparticles is a fundamental issue for the application of spintronics and photonics. Here the observation of a coupling between the small polarons in the nanoscale ultrathin La 0.7 Sr 0.3 MnO 3 (LSMO) films and the acoustic phonons in the SrTiO 3 (STO) substrate using ultrafast pump-probe spectroscopy has been reported. According to the temperature-and wavelength-dependent measurements, the amplitudes of the acoustic phonons are suppressed by tuning the small polarons absorption. This shows a coupled relationship between the acoustic phonons and the small polarons. At the probe photon energy of 1.55 eV where the polaron absorption is dominant, the acoustic phonons become unobservable. Furthermore, by performing the pump fluence dependent measurements on the LSMO films with different thicknesses, smaller acoustic phonon amplitudes are found in the thinner film with stronger small polaron binding energy. Such a coupled nature can be utilized to manipulate the small polarons using the acoustic phonons or vice versa, which is of great importance in device applications of colossal magnetoresistance materials.
Understanding the mechanisms of how various quasi-particles in solid state interact with each other is a fundamental issue. Insights into in this area are greatly helpful for various applications such as optical manipulation of magnetism [1] and potential magnetic recording. [2, 3] The colossal magnetoresistance (CMR) of manganite compounds provide an ideal platform for investigating this topic. In the hole-doped perovskite manganites such as La 1Àx Sr x MnO 3 and La 1Àx Ca x MnO 3 , the ferromagnetism and the metallicity below the Curie temperature T C are explained by the double-exchange mechanism, where the itinerant e g electrons gain the kinetic energy. The kinetic energy is maximum when the core spins of the neighboring Mn 3d t 2g localized electrons are well aligned. [4] [5] [6] The relevance between ferromagnetism and metallicity reflects the coupled relationship between the spin and electron degrees of freedom.
Couplings between the electron and the lattice degrees of freedom in the CMR materials have also been demonstrated by previous results. [7] [8] [9] [10] [11] [12] Above T C , the high resistance arises from the partial localization of the e g electrons trapped by lattice distortions due to the Jahn-Teller (JT) effect that takes place on the Mn 3þ sites. [13] The relaxation of JT distortion and its selftrapping effect usually takes effect within several picoseconds after photoexcitation at high temperature. [14] [15] [16] Therefore, the combination of double exchange interaction and the JT polarons plays a crucial role in determining the magnetic and electrical properties of these manganites.
Besides the polarons, the coherent acoustic phonons are also a kind of quasi-particles, which are employed to describe the lattice deformation. Studies on the acoustic phonons in different materials, such as ferromagnetic metals, [17] semiconductors [18] and their hetero-structures, [19] have been reported. The coupling between the acoustic phonons and the spins allows for fast control of the magnetization by injecting a high-amplitude acoustic wave packet into the magnetic layers. In manganites, to the best of our knowledge, the reported coherent acoustic phonons only focused on basic mechanical constants such as the sound velocity [20] [21] [22] [23] [24] in thick films (>75 nm). There are few reports on the coherent acoustic phonons in thin films of manganite oxides (<75 nm), let alone any couplings between the acoustic phonons and the other degrees of freedom such as spin, charge, and lattice. In this respect, studying the underlying correlations between the acoustic phonons and other quasiparticles is of great interest for both fundamental studies and applications. This will provide new opportunities for manipulating the basic quasiparticles in electronic devices.
In recent years, due to the progress in femtosecond lasers and ultrafast spectroscopy techniques, the dynamic behavior of the electrons, spins, and lattice have been widely investigated in the time domain, showing various scattering channels on different time scales. [25] [26] [27] [28] [29] Since the interactions between different quasiparticles usually take effect on the time scale of picoseconds or nanoseconds, it is essential to study them with the ultrafast pump-probe method.
Here, we report a coupled relationship between the small polarons, i.e., quasiparticles which are formed by strong electron-phonon interactions, and the acoustic phonons in ultrathin LSMO films on the STO substrates. The absorption feature of the small polarons within a few picoseconds (ps) after photoexcitation was demonstrated by the transient reflectivity (ΔR/R) curves. From the wavelength-dependent measurements, the amplitude of the acoustic phonons A osc disappears at the probe photon energy of 1.55 eV that is the peak center of the small polaron absorption band. When the optical absorption of the small polarons was further tuned by changing the temperatures and the pump fluence, a corresponding modulation of A osc was observed. The results demonstrate a coupled behavior between acoustic phonons and the polarons.
LSMO Thin Film Characterization: The epitaxial La 0.7 Sr 0.3 MnO 3 thin films were grown on (001)-oriented SrTiO 3 substrates by pulsed laser deposition and the growth details could be found elsewhere. [30, 31] Two samples with the thickness of 40 and 3 unit cells (uc) were studied. The thickness and smoothness were controlled by reflection high energy electronic diffraction (RHEED). The Curie temperature (T C ) of the LSMO film of 40 uc (16 nm) is %334 K. In addition, the 3 uc (1.2 nm) LSMO layer exhibits paramagnetic insulator (PI) state.
Time-Resolved Reflectivity Spectra Results: Figure 1(a) illustrates the experimental configuration used in the measurements of transient reflectivity spectra (see Experimental Section). In order to generate a thermal stress as large as possible, we excite LSMO ultrathin films with 1.55 eV pump photon energy due to the higher absorption coefficient at this energy. [32] In this work, the excitation photon energy is 1.55 eV and the measurement is performed at room temperature unless otherwise specified. Figure 2 (c) show clearly two oscillation frequencies f ¼ 103 GHz and 0.5f ¼ 51 GHz. These oscillations are described as the longitudinal coherent acoustic phonons. Their generation can be explained by the propagating strain pulse as discussed later or shown in Figure S1 , Supporting Information.
In Figure 2 (a) and (b), three characteristic responses are observed in different time windows from the temporal evolution of the ΔR/R profile. In Figure 2 (b), a step-like instantaneous rise of ΔR/R occurs within 1 ps after the photoexcitation. This is followed by a second delayed step-like rising ΔR/R at Δt ¼ 10 ps indicated by an arrow. The thermalization process between electrons and lattice systems reaches an equilibrium within the initial 10 ps, leading to a transient temperature increase of the sample due to the pump excitation. The ΔR/R decay time τ d > 1 ns arises either from the spin-orbit interaction [28, 33] or the heat diffusion into the substrate or into the film itself.
[27] The [34] is the refractive index of substrate. Therefore, the Δt r is varied as we change the wavelength of pump beam (see Figure S2 , Supporting Information). Therefore, the actual physical time-zero is around Δt ¼ 10 ps after the second pump excitation. The positive sign of ΔR/R at 3.1 eV probe photon energy is consistent with the well-established concept of spectral weight transfer, which is controlled by the spin correlations of t 2g spins. [14, 29, 35] Optical Generated Coherent Acoustic Phonons: Now, we explain the generation of the acoustic phonons using the propagating strain pulse model. [36, 37] In this model, the pump beam induces a transient thermal lattice expansion due to laser heating. This will generate a picosecond strain pulse that propagates from the LSMO film into the STO substrate. The interference between probe beams reflected by the top surface of the sample and the propagating strain wave is responsible for the transient oscillations in ΔR/R. These oscillations can be expressed as [20] 
Here, A, τ, and ϕ are the oscillation amplitude, the dephasing time, and the phase, respectively. n is the refractive index of substrate and v is the sound velocity of the acoustic wave. θ p is the incident angle of the probe beam with respect to the normal direction of the sample. The oscillation components as a function of the incident angle and wavelength of the probe beam are well reproduced using Equation (1) . This shows that the oscillations can be attributed to the coherent acoustic phonons. The detailed fitting procedure is shown in Figure S1 , Supporting Information. Figure 3(b) , the transient oscillations of 16 nm-thick LSMO film disappear at the probe photon energy of 1.55 eV. This phenomenon has never been reported previously in CMR materials, such as LuMnO 3 , [20] La 0.67 Sr 0.33 MnO 3 , [21] and La 1Àx Ca x MnO 3 . [38] In their studies, the acoustic phonons can be observed at the probe photon energy of 1.55 eV. In Figure 3 (a) and (b), a clear correlation between the acoustic phonons and the ΔR/R background is shown as we vary the probe photon energy.
Correlation Between the Polarons and Acoustic Phonons: In
The amplitude of acoustic phonons decreases at 1.95 eV and totally disappears at 1.55 eV. Associated with this acoustic phonon variation, the ΔR/R profile also changes to the opposite sign. Thus, it is reasonable to infer that the disappearance of the transient oscillations may be caused by the appearance of the negative sign of ΔR/R.
To verify this assumption, we need to first gain insight into the spectral feature of ΔR/R, especially at 1.55 eV. It is because that the spectral weight transfers from high to low energies with decreasing temperatures (T) can lead to an optical conductivity spectrum change. This conductivity change can shape the profiles of ΔR/R at different photon energies in CMR materials. [11, 14, 33, 39] The bottom panel of Figure 3 (c) shows a simplified illustration of the differential optical conductivity Δσ between 300 and 10 K. The data are obtained from Quijada et al., [13] showing two broad band peaks centered around 1-2 eV Here f denotes the acoustic phonon frequency detected by probe beam, while 0.5f arises from the interferences between pump beams and the propagating strain pulse.
www.advancedsciencenews.com www.pss-rapid.com decreasing trends of both ΔR/R 14 ps and ΔR/R 341 ps as a function of probe energy are consistent with the variation Δσ in the probe photon energy range of %1.95-2.58 eV as reported by Quijada et al. [13] This indicates that the ΔR/R profile in our measurement is dominated by the spectral weight transfer after photoexcitation. Such a consensus has been demonstrated by other optical conductivity measurements. [13, 40, 41] These reports have assigned the low-energy bands (1-2 eV) to the intersite optical transition of small polarons from the lower Jahn-Teller split e g bands at a Mn 3þ site to the higher e g bands at a neighboring Mn 4þ site. This hopping process is illustrated in the right panel of Figure 1(a) . In our measurements, the probe photon energy of 1.55 eV lies in the high-energy tail of the polaron absorption bands. The negative sign of ΔR/R at initial time-delay exhibits a photoinduced transient increase of absorption. This is caused by the liberation of the small polarons due to the optical hopping. The negative sign in ΔR/R induced by the small polaron absorption has also been reported by other groups. [14, 16, 42] Since the second pump excitation at Δt ¼ 10 ps, ΔR/R 14 ps represents indeed the reflectivity dynamics at Δt ¼ 4 ps. A larger reduction in ΔR/R 14 ps compared to ΔR/R 341 ps is seen in the upper panel of Figure 3(c) when the photon energy decreases to 1.95 eV. This is supported by the fact that the small polaron absorption usually happens within a few ps after the photo-excitation. In order to reveal the effect of the small polarons on the acoustic phonons, we performed the temperature and pumpfluence dependent measurements on ΔR/R as shown in Figure 4 . In Figure 4(a) , the transient reflectivity traces at different temperatures is recorded. As the temperature T increases from 150 to 300 K, the values of ΔR/R within a few ps after photoexcitation decrease (indicated by the arrow). This decreasing trend originates from the enhancing small polaron absorption feature as the T increases. Since the generation of the acoustic phonons is due to the pump-induced lattice expansion, the amplitude of the acoustic phonons (A osc ) is proportional to change of lattice constants Δb. If we only take the lattice heating effect into consideration, according to the previous reports in La 1Àx Ca x MnO 3 (x ¼ 0.5, 0.58) [38] and Pt/ SrTiO 3 , [43] the Δb is expected to increase with the increase of T.
However, the A osc in our measurements as shown in Figure 4 (b) decreases with increasing T, showing that the small polarons can suppress the A osc .
We also studied the pump fluence dependence of the A osc at the probe photon energy of 3.1 eV. The raw data of ΔR/R for 16 and 1.2 nm samples under different pump fluences are shown in Figure S3 , Supporting Information. In Figure 4 Such a behavior of the A osc slope is because that small polaron absorption in the 1.2 nm film is more pronounced than that in 16 nm film. [44, 45] Based on the above temperature-and fluence-dependent measurements, we have demonstrated the existence of a coupling between the small polarons and the acoustic phonons. The decreasing A osc from 2.58 to 1.95 eV shown in Figure 3(a) is because that the coupling strength increases as the probe photon www.advancedsciencenews.com www.pss-rapid.com energy approaches small polaron absorption band center of 1.55 eV. It is essential to discuss why previous reports [20, 21, 24] in CMR materials have observed the acoustic phonons in 1-2 eV. The main difference between our measurement and previous reports is the sample thicknesses. In our case, the film thicknesses are 16 and 1.2 nm, respectively. The thicknesses of the samples in previous studies (refs. [20, 21, 24] ) were all larger than 75 nm. As demonstrated in perovskite manganites, [44, 45] the polaron binding energy is stronger in the thinner films. Therefore, the polaron and acoustic phonon coupling in the thick films is not strong enough and the acoustic phonons are still observable.
In summary, by using the ultrafast pump-probe spectroscopy, we have discovered a coupling between small polarons and coherent acoustic phonons in ultrathin LSMO film deposited on STO substrate. From the spectral evolution of ΔR/R, the A osc is suppressed and even disappeared at the probe photon energy of 1.55 eV. The coupled relationship between them is demonstrated further by monitoring the variation of A osc by tuning the absorption of small polarons via varying temperature and pump fluence. Our findings provide an opportunity for the manipulation of polarons and acoustic phonons through the coupled relationship between them.
Experimental Section
The pump-beam is nearly along the sample normal. The incident angle of the probe beam θ p varied from %5 to 45 with respect to the normal direction of the sample plane. The pump pulse laser is generated by a Ti: sapphire regenerative amplifier with a pulse duration of 50 fs, a repetition rate of 1 KHz and a central photon energy of 1.55 eV. The photon energy of the probe beam is tuned by the optical parametric amplifier (OPA) from 1.95 and 2.58 eV. The pump beam is focused onto the sample by a 25 cm focal length lens to a spot diameter of 500 μm. The focused spot size of the probe beam is much smaller than that of the pump beam. Due to the delay stage, we can control the time arrival of the probe beam relative to the excitation of the pump beam and monitor the transient optical reflectivity of LSMO in time.
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